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SYNOPSIS This paper describes a method for predicting both residual pore pressure and residual deformation of aniso-
tropically consolidated undrained samples under variable cyclic loading. The approach of this method is phenomenologi-
cally relating normalized number of cycles and pore pressure ratio. This relationship is then extended for predicting 
residual pore pressures under variable cyclic loading. Residual deformation is predicted by considering the effective 
stress change due to the bui;d-up of residual pore pressure. Comparisons are made between predicted and measured resi-
dual pore pressures and deformations of samples under variable cyclic loading. 
INTRODUCTION 
Residual pore pressure build-up due to cyclic loading re-
duces strength of soil and may cause instability and 
large deformation. Methods for predicting pore pressure 
build-up in undrained isotropically-consolidated samples 
and simple shear samples have been investigated by many 
researchers [Anderson and Moussa (1973), Martin, et al. 
(1975), Seed, et al. (1975)]. A method for predicting 
pore pressure build-up in anisotropically-consolidated 
samples has been developed by Finn, et al. (1978), and 
recently extended by Chang, et al. (~ This present 
paper describes the extended method for predicting both 
residual pore pressure and residual strains due to varia-
ble cyclic loading. 
RESIDUAL PORE PRESSURE PREDICTION 
Because characteristics of the fundamental mechanism of 
pore pressure build-up due to cyclic loading are rela-
tively unknown, the current approach is a phenomenologi-
cal one that empirically relates the rate of pore pres-
sure development to the number of cycles. It has been 
found that this relationship for isotropically-consolida-
ted samples can be represented as an arc-sine function 
[Seed, Martin and Lysmer (1975)]: 
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where ~is the excess pore pressure ratio, expressed as 
0 3c 
the ratio of the pore pressure induced at the number of 
applied stress cycle, N, to the initial effective confi-
ning stress which equals the magnitude of the pore pres-
sure required to produce initial liquifaction (zero ef-
fective stress). The parameter N is the number of cy-
cles required to cause initial liquifaction, and a is a 
constant. 
A general form of this equation was extended by Finn, et 
al. for predicting pore pressures in anisotropically-con-
SOlidated specimens under cyclic loading. The extended 
form is: 
[s (-N )~- 1 ! Nref (2) 
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where a, s are parameters whose values depend on the con-
solidation ratio, K . N is a reference number of cy-
cles of applied str~ss wh~th was chosen as the number of 
cycles to develop a pore-water pressure equal to 50% of 
the confining pressure and designated it as Nso• because 
samples under an anisotropic static state of Stress can-
not liquify in the conventional sense of u = 03 , that is, 
reach a state of zero effective stress. c 
Equation 2 is reasonable for the practical purpose of pre-
dicting pore pressure when the mean stress state does not 
depart substantially from hydrostatic. However, this 
equation is not applicable to samples consolidated under 
higher K conditions in which the residual build-up of 
pore pre~sure never reaches the value of 50% of the con-
fining pressure. Therefore, a general form is suggested 
to cover the full range of anisotropic consolidation 
stress values [Chang, et al. (1980)]. The extended ratio, 
u/uf' is expressed as follows: 
!:!__ = l + l sin-1 [ (--N -)~ - l (3) 
uf 2 n N50 f 
where u is the limiting value of residual pore pressure 
that pofsibly can occur in an anisotropically-consolida-
ted sample. The pore pressure uf_is defined in terms of 
the angle of internal friction, ¢, and the ratio of con-
solidation stress. Kc: 
l+sin¢ _ 
2sin¢ 
1-si~t K l 
sin¢ c 
In Eq. 3, N50 is defined as the number of cycles to f 
(4) 
cause the value of residual pore pressure build-up to 50% 
of the value of uf such that the value of N50 can be de-f 
fined under any K condition. By utilizing Eq. 3, the 
residual pore pre~sure can be predicted for any sand un-
der different conditions of K and stress ratio if the re-
lationships of N50 , a, Kc, and stress ratio are estab-lished. The f parameters N50 and a in Eq. 3 for the 
Oosterschelde sand [Chang. et al. f(l980)] had been esta-
blished as follows: ---
a = 2.25 - 2.53 [ (l+~~)Dr J 





For the case of variable cyclic loading, 6a varies dur-
ing the course of testing. The procedure cy for pre-
dicting residual pore pressure during variable cyclic 
loading assumes that the total residual pore pressure can 
be obtained by superimposing the residual pore pressures 
induced from various cyclic stresses if the static stress 
remains constant. The procedure is illustrated in Fig. 
1 for three variable cyclic stress loadings. Figure lb 
shows the residual pore pressure versus number of cycles. 
Each darkened curve derived from Eq. 3 shows the resi-
dual pore pressure build-up for a different constant cy-
clic stress, 6q , 6q or 6q . Suppose u1 is the cyl cy2 cy3 
residual pore pressure developed at the end of N1 cycles 
of cyclic stress 6q , additional residual pore pres-
cyl 
sure developed due to the N2 cycles of stress. 6q is cy2 
superimposed to the previous curves as shown in the solid 
curve, AB, which is obtained by shifting A'B' from the 
dashed curve corresponding to the pore pressure incre-
ment due to N2 cycles of stress 6q . The procedure can cy2 
be repeated to predict pore pressure build-up during var-
iable cyclic stress loadings. 
In computing the curve A'B', an equivalent number of cy-
~les N~q ?f cyclic stress 6qcy
2 
is computed by the follow-
lng equat10n: 
(7) (N5ofll (N5ofl2 
where (N 50 )1 is the value of f 
N50 of the sample under cy-f 
clic loading 6qcy and (N 50 )2 is the value of 1 f 
N50 un-f 
der cyclic loading 6q Thus, N1eq cycles cy2 
generate the same residual pore pressure as 
by N1 cycles of 6q cyl 
RESIDUAL DEFORMATION PREDICTION 
of 6q wi 11 
cy2 
that genera ted 
The residual deformation in an undrained cyclic test is 
assumed primarily caused by the reduction of effective 
confining stress due to the residual pore pressure genera-
tion. Using the hyperbolic relationship between devia-
toric stress ad and vertical strain El' and considering 
the effect of the confining pressure a3 , the following equation was derived [Chang, et al. c (1980)]: 
£ 
1 
-c 2cosi_ + ( ) 
a3c-u 
r ~-sin . _1-sin _ (8) 
lc 2cosp_ + (a c-u)2s1n~} _ a R l 1-sinp 3 1-sinp d f 
-u 






























a) NUMBER OF CYCLES 
---
N2 N3 
b) NUMBER OF CYCLES 
Fig. la ,b, Illustration of Superimposing Residual Pore 
Pressures Due to Cyclic Loading 
where K, n, c, ¢, and Rf are the hyperbolic soil para-
meters (Duncan and Chang, 1970). a3 and a are the ini-tial anisotropic static stress c d conditions 
before the cyclic stress is applied, and u is the residual 
pore pressure caused by the cyclic stress, which can be 
o~tained_from the p~oc~dure described in the previous sec-
tlOn. S1nce the so1l 1s undrained, the horizontal strain 
E3 of the sample should be as follows: 
1 
E3 = - 2 El (9) 
COMPARISON OF PREDICTED AND MEASURED VALUES 
A set of available test results from Oosterschelde sand 
[Lamb~,~ (1976)]_are used to verify the previously 
descr1bed phenomenolog1cal model by comparing the predic-
ted and measured values. The material is a fine round 
quartz sand with shell fragments. The grain size distri-
butio~ shows that the material is fairly uniform sand. 
The s1zes D50 and D10 of the material are approximately 0.25 mm ~nd 0.15 mm, respectively. The strength para-
meters, c and~. determined from the static test results, 
are zero and 32.5°, respectively. 
Three cyclic tests were performed with anisotropically-
consolidated samples using the same material. The rela-
tive densities for three tests are approximately 73%. K, 
nand a values selected from each test are shown in Figs. 
2, 3 and 4. The predicted residual pore pressures and 
vertical strains compared with the measured values are 
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Fig. 2. Comparison of Measured and Predicted Results 
( Kc = l .6) 
CONCLUSIONS 
The described phenomenological approach representing 
residual pore pressure and deformation as functions of 
initial static stress, cyclic stress, and material con-
stants, seems to be reasonably accurate in predicting 
both residual pore pressure and deformation for aniso-
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Fig. 4. Comparison of Measured and Predicted Results 
( Kc = 1,2) 
REFERENCES 
Anderson, K.H. and Moussa, A.A. (1973), "Cyclic Loading 
Simple Shear Tests on Sand," Norwegian Geotechnical In-
stitute, Internal Report #51505-l. 
Chang, C.S., Kuo, C.L. and Selig, E.T, (1980), "Pore Pres-
sure Development During Cyclic Loading," Submitted to 
the Journal of the Geotechnical E~ineering Divisi~~· 
American Society of Civil Engineers. 
Duncan, J.M. and Chang, C. Y. (1970), "Nonlinear Analysis 
of Stress and Strain in Soils," Journal of Soil Mechan-
ics and Foundations Division, ASCE, Vol. 96, No. SM5. 
Finn, W.D.L., Lee, K.W., Maartman, C,H, and Lo, R. (1978), 
"Cyclic Pore Pressure Under Anisotropic Conditions," 
Proceedings, Geotechnical Engineering Division, ASCE, 
Specialty Conference on Earthquake Engineering and Soil 
Dynamics, Pasadena, California, Vol. l. 
Lambe, T.W. and Associates (1976), "Prediction of Perfor-
mance of In-Situ Test Caisson," Oosterschelde Closure 
Netherlands Delta Project, Prepared for Pijkswaterstaat 
Deltadienst and Laboratorium Voor Grondmechanica, 
I 10 
Martin, G.R., Finn, W.D.L. and Seed, H.B. (1975), "Fun-
damentals of Liquefaction Under Cyclic Loading," Jour-
nal of the Geotechnical Engineering Division, ASC_E_,---
Vol. 101, No. GT5, Proceeding Paper 11284. 
Seed, H.B., Martin, P. and Lysmer, J. (1975), "The Gene-
ration and Dissipation of Pore Water Pressure During 
Soil Liquifaction," Report No. EERC 75-26, Earthquake 
Engineering Research Center, University of California, 
Berkeley. 
